Synthetic spectra generated with the parameterized supernova syntheticspectrum code SYNOW are compared to pre-maximum-brightness spectra of the Type Ia SN 1994D. We find evidence for the presence of two-component Fe II and Ca II features, forming in high (≥ 20, 000 km s −1 ) and lower velocity (≤ 16, 000 km s −1 ) matter. We discuss possible interpretations of these spectral splits, and implications for using early-time spectra of SNe Ia to probe the metallicity of the progenitor white dwarf and the nature of the nuclear burning front in the outer layers of the explosion.
Introduction
SN 1994D, in the Virgo cluster galaxy NGC 4526, was discovered two weeks before the time of maximum brightness (Treffers et al. 1994 ) and became the best observed Type Ia supernova (Richmond et al. 1995; Patat et al. 1996; Meikle et al. 1996; Vacca & Leibundgut 1996; Filippenko 1997a,b) . The high-quality early-time spectra of SN 1994D, beginning 12 days before maximum brightness, present us with an oportunity to look for spectral lines produced by "primordial" matter, i.e., heavy elements that were already present in the progenitor white dwarf before it exploded, as well as to probe the nature of the nuclear burning front in the outer layers of the ejected matter.
In this Letter we report some results of a "direct analysis" of photospheric-phase spectra of SN 1994D using the parameterized supernova spectrum-synthesis code SYNOW Millard et al. 1999; ). Here we concentrate mainly on spectra obtained before maximum light. A more thorough analysis of the photospheric-phase spectra of SN 1994D will be presented elsewhere.
Previous Studies of SN 1994D Spectra
Numerous optical spectra of SN 1994D have been published by Patat et al. (1996) , Meikle et al. (1996) , and Filippenko (1997a,b) . Patat et al. emphasized that in spite of having some photometric peculiarities such as being unusually blue, SN 1994D had a spectral evolution like that of a normal SN Ia, especially like that of SN 1992A (Kirshner et al. 1993 ). Meikle et al. also emphasized the spectral resemblance to SN 1992A, and presented some near-infrared spectra. Höflich (1995) calculated light curves and detailed non-local-thermodynamicequilibrium (NLTE) spectra for a series of delayed-detonation hydrodynamical models and ejection velocity within which the presence of lines of various ions are detected, without initially adopting any particular composition structure. In our work on SN 1994D, we have made extensive use of the results of Hatano et al. (1999) , which presented plots of LTE Sobolev line optical depths versus temperature for six different compositions that might be expected to be encountered in supernovae, and which presented SYNOW optical spectra for 45 individual ions that can be regarded as candidates for producing identifiable spectral features in supernova spectra. (Electronic data for the Hatano et al. [1999] paper, now extended to include the near infrared, can be obtained at www.nhn.ou.edu/∼baron/papers.html).
For comparison with each observed spectrum, we have calculated a large number of synthetic spectra with various values of the fitting parameters. These include T bb , the temperature of the underlying blackbody continuum; T exc , the excitation temperature; and v phot , the velocity of matter at the photosphere. For each ion that is introduced, the optical depth of a reference line also is a fitting parameter, with the optical depths of the other lines of the ion being calculated for LTE excitation at T exc . We also can introduce restrictions on the velocity interval within which each ion is present; when the minimum velocity assigned to an ion is greater than the velocity at the photosphere, the line is said to be detached from the photosphere. The radial dependence of the line optical depths is taken to be exponential with e-folding velocity v e = 3000 km s −1 and the line source functi on is taken to be that of resonance scattering. The most interesting fitting parameters are v phot , which as expected is found to decrease with time, and the individual ion velocity restrictions, which constrain the composition structure.
Results

Twelve Days Before Maximum
The −12 day observed spectrum appears in both the upper and lower panels of (Filippenko 1997 and references therein). The adopted value of v phot is 15,000 km s −1 . Ions that certainly are required to account for particular spectral features are Ca II, Si II, S II, and Fe II.
In an attempt to improve the fit we also have introduced weaker contributions from C II, Na I, Mg II, Si III, Fe III, Co II, and Ni II, with maximum velocities of 17,000 km s
being imposed on Mg II, Si III, S II, and Fe II, and with the Fe III lines being allowed to form only between 19,000 and 20,000 km s −1 . In spite of having a considerable number of free parameters at our disposal, we are left with two serious discrepancies: the observed absorption minima near 4300 and 4700Å are not accounted for. (The discrepancy from 3900Å to 4200Å may be less serious because SYNOW spectra often are underblanketed in the blue due to the lack of weak lines of unused ions, and here we have made no attempt to match the highly blanketed spectrum at wavelengths shorter than 3500Å.) We have not been able to remove the 4300 and 4700Å discrepancies by introducing any additional ions that would be plausible under these circumstances, according to the LTE calculations of Hatano et al. (1999) .
The bottom panel of Figure 1 shows what we consider to be the most plausible way to improve the fit. The only difference in the synthetic spectrum is that we have introduced a high-velocity Fe II component, detached at 23,000 km s −1 and having significant optical depth out to about 30,000 km s −1 . Note that this leaves a gap from 17,000 to 23,000
where the adopted Fe II optical depth is zero. Introducing this high-velocity Fe II accounts reasonably well for the 4300 and 4700Å absorptions (and it also improves the 3900-4200Å region).
For later reference we mention here that the apparent blue edge of the Ca II H&K absorption feature reaches to 40,000 km s −1 (or 32,000 km s −1 if formed by Si II λ3858, 27,000 km s −1 if formed by Si III λ3801); the blue edge of the red Si II feature formed by λ6355 reaches to 25,000 km s −1 .
Eight and Two Days Before Maximum
In the upper panel of Figure 2 an observed −8 day spectrum is compared with a synthetic spectrum that has v phot = 12,000 km s −1 . Here we are using only a weak contribution from high-velocity Fe II, detached at 20,000 km s −1 , and without it the fit would be only slightly worse. But now, in this synthetic spectrum, we require two-component Ca II. A high-velocity component of the Ca II IR triplet is the only plausible identification that we have to offer for the observed absorption from 7800 to 8000Å, which is present in other spectra at similar epochs and therefore is definitely a real feature. In this particular synthetic spectrum (which admittedly does not fit very well), we use Ca II from 12,000 to 13,000 km s −1 and from 25,000 to 35,000 km s −1 .
In the lower panel of Figure 2 an observed −2 day spectrum is compared with a synthetic spectrum that has v phot = 11, 000 km s −1 . Now the high-velocity Fe II has vanished, but in the synthetic spectrum we still use two components of Ca II, one extending from the photosphere to 16,000 km s −1 , and the other from 20,000 to 23,000 km s −1 . This two-component calcium leads to good agreement with the observed "split" of the Ca II H&K feature. Others ways to account for the H&K split might be to invoke Si II λ3858 or Si III λ3801 (Kirshner et al. 1993; Höflich 1995; Nugent et al. 1997) but at this epoch of SN 1994D we find that in LTE, at least, other Si II or Si III lines would have to be made too strong compared with the observations. Our main reason for preferring the two-component Ca II is that at this epoch, too, it can account for the absorption near 8000Å.
At present we have no explanation for the general difference between the levels of the observed and synthetic spectra from 6500 to 7900Å, other than to note that we are inputting a simple blackbody continuum from the photosphere.
The inset in the lower panel of Figure 2 compares the observed spectrum near the 1.05
µm IR absorption to a synthetic spectrum that is an extension of the optical synthetic spectrum. We see that at this epoch Mg II, with the same reference-line optical depth we use to fit the optical features, accounts nicely for the IR absorption. The inset also illustrates the possibility that O I may be affecting the spectrum near 1.08 µm; here, in order not to mutilate the Mg II feature, we have reduced the O I reference-line optical depth by a factor of three compared to the value we used for the optical spectrum. Figure 3 shows the evolution of the Ca II H&K feature. If, as we believe, the whole profiles at −12 and −11 days are dominated by Ca II, then some Ca II must be present throughout the interval 15,000 -40,000 km s −1 . At later times, from 21 to 74 days, the Ca II absorption is restricted to velocities less than about 15,000 km s −1 . (The weak absorption near 3650Å is probably produced by an iron-peak ion rather than by Ca II.)
Evolution of the Ca II H&K Feature
However, between −9 and −3 days the profile undergoes a complex evolution. While the highest-velocity absorption (> 22, 000 km s −1 ) fades away, and the low-velocity absorption (< 15, 000 km s −1 ) develops, a dip also develops near 19,000 km s −1 and a peak develops near 16,000 km s −1 . The 19,000 km s −1 dip is the bluer component of the split discussed above for −2 days. As explained in the previous section we think the 19,000 km s −1 minimum is caused by Ca II (rather than by Si II or Si III) because of the Ca II IR triplet. If this is so, at these phases we need a local minimum in the Ca II radial optical depth profile somewhere around 16,000 km s −1 . This is not necessarily inconsistent with the smooth H&K profile at −12 days if at that early phase the line optical depth is large throughout the 15,000 to 40,000 km s −1 interval.
Discussion
Assuming Another possibility that seems unlikely is that there is a local minimum in the radial density profile around 16,000 km s −1 . Delayed-detonation models have smoothly decreasing densities in their outer layers, and deflagration models tend to have only low-amplitude density peaks and dips. Pulsating-detonation and tamped-detonation models have more pronounced density minima but they occur at velocities that are much too low (Khoklov, Müller, & Höflich 1993) .
A nuclear explanation seems more promising. Detailed nucleosynthesis calculations in delayed-detonation models recently have been carried out by Iwamoto et al. (1999) .
As we will discuss more thoroughly elsewhere, the composition structures of some their models are generally consistent with most of the constraints we have inferred for SN 1994D.
In their model CS15DD1, for example, the fractional abundances of freshly synthesized silicon, sulfur, calcium, and iron begin to drop sharply above about 15,000 km s
consistent with what we find for SN 1994D. It is interesting that in CS15DD1 the fractional abundances of sulfur and argon have pronounced minima around 16,000 km s −1 . Perhaps delayed-detonation models could be constructed to have a minimum in the fractional abundance of freshly synthesized calcium around 16,000 km s −1 , although it seems unlikely that such could be the case for iron. Iwamoto et al. did not include primordial metals in their models. Perhaps when primordial metals are included, models may be found in which both calcium and iron have fractional abundance minima near 16,000 km s −1 , if nuclear reactions can reduce the levels of calcium and iron below the primordial levels at this velocity. These possibilities appear to be plausible and are being investigated (F.-K.
Thielemann, personal communication).
Conclusion
Based on these preliminary interpretations of the spectra of SN 1994D, it appears that
given high-quality spectra obtained well before the time of maximum brightness it should be possible to probe the primordial composition of the SN Ia progenitor. This is important in connection with using high-redshift SNe Ia as distance indicators for cosmology, for for testing the predicted dependence of hydrodynamical models on primordial composition (Höflich, Wheeler, & Thielemann 1998) , and testing the prediction that low metallicity inhibits the ability of white dwarfs to produce SNe Ia (Kobayashi et al. 1998) . It also appears that early spectra of SNe Ia can be used to place useful constraints on the nature of the nuclear burning front in the outer layers of the ejected matter.
Transforming the present rather qualitative indications into reliable quantitative results will require (1) further parameterized spectrum calculations, as part of a detailed comparative study of early-time spectra of SNe Ia; (2) detailed NLTE calculations for SN Ia hydrodynamical models before the time of maximum light Höflich et al. 1998) ; (3) further detailed calculations of nucleosynthesis in parameterized hydrodynamical explosion models (Iwamoto et al. 1999) ; and (4) perhaps most important of all, many more high-quality pre-maximum-light observations of SN Ia spectra.
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